Background: Unilateral wing vibration to generate ''love songs'' is a hallmark of male courtship posture in Drosophila melanogaster. In contrast, males of some other Drosophila species extend both wings simultaneously during courtship. Thus, the patterns of wing movement vary among species and are under stringent genetic control, although there are few variations among individuals within a single species. These observations prompted the postulation that the proper wing display by courting males of D. melanogaster does not require sensory inputs. Results: Here we show that when males of D. melanogaster are deprived of gustatory inputs mediated by the sensory neurons expressing the taste receptor gene Gr32a, a close relative to the pheromone receptor gene Gr68a, they often fail to perform unilateral wing extension during courtship because they become unable to keep a wing in the resting position while extending another wing. The tarsal amputation of a foreleg, but not other legs, increased the occurrence of simultaneous wing extension, indicating that Gr32a-expressing cells in this structure are involved in the regulation of courting posture. A similar simultaneous wing extension was also observed in males in which the putative pheromone-binding protein gene Obp57d was inactivated. The axons of Gr32a-expressing cells project to the subesophageal ganglion, where their terminals unilaterally contact mAL, which are male-specific fruitless (fru)-expressing interneurons that have bilateral branches. Conclusions: Our observations strongly suggest that gustatory pheromone inputs ensure the correct laterality of wing vibration that conforms to the species-specific behavioral pattern.
Introduction
The courtship ritual of the fruit fly Drosophila melanogaster is composed of several discrete steps [1, 2] . First, the male fly directs his body axis toward a target female (orientation). He then commences to chase the target female (following) and touches her abdomen with his foreleg (tapping). Then the male fly starts to vibrate his wings (singing), using only one of two wings at a time. This unilateral wing vibration generates species-specific sounds known as love songs, which exert an aphrodisiac effect on the female, who would otherwise try to escape from the courting male. In response to the love songs, the female's locomotion slows and occasionally stops, allowing the male to lick her genitalia (licking) and attempt to mount her (attempted copulation). When the female is fully receptive, she opens her wings and vaginal plates, two critical actions that make it physically possible for the male to copulate with her. During copulation, the male remains mounted on the female for about 20 min until he releases genital contact (disengagement).
Males chemically probe the courtship target to assess her suitability as a mating partner by tapping her abdomen with their forelegs, where gustatory cells exist [3] . Thus far, two gustatory receptors, Gr68a and Gr32a, both of which are expressed in tarsal sensory cells, have been implicated as pheromone receptors, based on the observations that male courtship toward females is decreased by the inactivation of Gr68a, but not of Gr32a, whereas the incidence of male-tomale courtship is increased by the inactivation of Gr32a, but not of Gr68a [4, 5] . These observations point to the important roles of these gustatory inputs in the choice of a mating partner. Here we report on the discovery of a new role of Gr32a-expressing sensory neurons in male courtship: tuning the pulse song by restraining the wing motion of the ''wrong'' side. We suggest that the interplay between presynaptic Gr32a-expressing sensory neurons and postsynaptic sexually dimorphic mAL interneurons contributes to the generation of lateralized motor outputs for unilateral wing vibration, a species-specific hallmark of male courtship posture.
Results

Unilateral Wing Extension during Courtship Is Impaired by the Gr32a Inactivation
We detected a significant decline in the mating success as well as in the courtship index (CI), accompanied by an extended delay to copulation, when the Gr32a-expressing cells were inactivated with the presynaptic blocker tetanus toxin (TNT), as expressed through UAS-TNT in conjunction with Gr32a-Gal4 ( Figure 1A ). This indicates that Gr32a plays an important role in the male courtship toward females, and not only in inhibiting male-to-male courtship [5] . The reduction in the mating success and CI in these males was undetectable when a smaller chamber was used for the experiments (see Figure S1A available online), implying that the handicap due to the inactivation of Gr32a-expressing cells can be overwhelmed by forcibly placing the male very close to the female.
By inspecting the videorecorded male behavior, we readily noticed, and confirmed through quantitative analysis, that the males with TNT expression in Gr32a-expressing cells were significantly more likely than control males to extend two wings simultaneously during courtship (Figures 1B-1D ; Movie S1).
Likewise, the inactivation of Gr32a-expressing neurons by forced expression of the dominant-negative form of shibire (shi K44A ) [6] remarkably increased the frequency of simultaneous wing extension of two wings by courting males ( Figure S1B ).
Although the males with inactivated Gr32a-expressing cells extend the wing of the presumptively correct side to an angle typical to the unilateral wing extension by normal males, they also open the other wing by 27
, which is significantly larger than the 3 opening in control males ( Figure 1E ). It appears *Correspondence: daichan@mail.tains.tohoku.ac.jp that the male flies deprived of functional Gr32a-expressing cells retain the ability to extend and vibrate the appropriateside wing for courtship yet fail to maintain the opposite wing in a tightly closed position. Altered wing extension during courtship may change the tonetic characteristics of love songs, some parameters of which are known to affect the mating success [7] . Simultaneous recordings of the wing motion during male courtship behavior and the generated sound revealed that single song pulses often contain multiple peaks (the polycyclic pulse song; see [8] for definition) when the two wings are simultaneously extended by the males with inactivated Gr32a-expressing cells (Figures 2B and 2D ; Movie S3), whereas most song pulses generated by unilateral wing vibration contain only a single peak, i.e., the monocyclic pulse song [8] (Figures 2A and 2C ; Movie S2).The incidence of occurrence of the polycyclic pulse song was significantly higher in simultaneous extension of two wings than in unilateral extension ( Figure 2E ).These observations suggest that the quality of songs is deteriorated by the simultaneous extension of two wings, and this could, at least in part, explain the reduction in mating success observed in the male flies in which Gr32a-expressing cells were inactivated.
Involvement of Tarsal Gustatory Cells in the Control of Male Courtship Posture
The Gr32a receptor is expressed in tarsal segments of all three legs, in addition to the labellum, as detected by the GFP reporter in flies carrying Gr32a-Gal4 [5, [9] [10] [11] (Figures 3A and  3B ). Labellar Gr32a-expressing neurons have been shown to respond to bitter-tasting substances, yet tarsal neurons remain uncharacterized physiologically [12, 13] .
Because tapping typically precedes wing extension in the courtship sequence [1, 2] , we suspected that the tarsal Gr32a-expressing neurons are involved in the regulation of unilateral wing extension. In accordance with this hypothesis, unilateral amputation of a foreleg tarsus markedly increased the rate of simultaneous extension of two wings ( Figure 3C ). The ablation of a tarsus from other legs had no effect on the male courtship posture ( Figure 3C ). Interestingly, the unilateral amputation of a foreleg significantly reduced the frequency of ipsilateral wing usage ( Figure S1C ). Consistent with the effects of inactivation of Gr32a-expressing neurons on the male courting posture, Gr32a knockout (Gr32a KO ) mutant [5] males showed simultaneous extension of two wings at a frequency significantly higher than that in control males ( Figure 3D ). These results indicate that a population of Gr32a-expressing neurons in the forelegs, rather than in other legs or the labellum, contributes to the lateralized wing extension in courting males.
The frequency of simultaneous extension of two wings observed in Gr32a KO males was lower than that observed in flies deprived of functional Gr32a-expressing cells, suggesting that Grs other than Gr32a also contribute to the regulation of unilateral wing extension. Gr66a is a good candidate for this role because it has been shown to be coexpressed in the (A) Male mating performance estimated by the rate of successful copulation (left), the latency to copulation (middle), and the courtship index (CI, right) was compared between the flies with expression of tetanus toxin (TNT, red bars) and control IMP-TNT (blue bars) in Gr32a-expressing neurons. Statistical differences between the two fly groups were evaluated by the c 2 test for mating success and by the u test for the latency to copulation and for the CI (*p < 0.05; **p < 0.01; ***p < 0.001). The number of pairs observed was: 33 for w; UAS-IMP-TNT/+; Gr32a-Gal4/+ and 30 for w; UAS-TNT/+; Gr32a-Gal4/+ in the experiment to quantify the mating success rate and CI; and 29 for w; UAS-IMP-TNT/+; Gr32a-Gal4/+ and 18 for w; UAS-TNT/+; Gr32a-Gal4/+ in the experiment to quantify the latency to copulation. Each bar represents the mean value. Error bars indicate standard deviations. (B) The effect of inactivating Gr32a-expressing neurons by TNT on wing extension of courting males. The number of wing extension epochs (left) and the simultaneous wing extension index (SWEI, right) were compared among the males of the indicated genotypes: w;; Gr32a-Gal4/+ (n = 22), w; UAS-TNT/+ (n = 18), w; UAS-IMP-TNT/+ (n = 17), w; UAS-TNT/+; Gr32a-Gal4/+ (n = 24), w; UAS-IMP-TNT/+; Gr32a-Gal4/+ (n = 24), w; UAS-TNT/+; Gr68a-Gal4/+ (n = 18), and w; UAS-IMP-TNT/+; Gr68a-Gal4/+ (n = 18). IMP-TNT carries a point mutation that inactivates TNT. The occurrence of simultaneous extension of two wings was dramatically increased by inactivating Gr32a-expressing neurons. A similar inactivation of Gr68a-expressing neurons by TNT did not increase the occurrence of simultaneous extension of two wings. Following Kruskal-Wallis analysis of variance (ANOVA), statistical differences among the data sets were evaluated by the Bonferroni/Dunn test (***p < 0.001). (C and D) Typical examples of unilateral wing extension (C) and simultaneous extension of two wings (D) displayed by a male fly of the genotype w; UAS-TNT/+; Gr32a-Gal4/+. (E) Quantitative comparisons of the wing angle during courtship-song generation between the epochs of unilateral wing extensions displayed by a control male expressing IMP-TNT (left, 34 epochs) and simultaneous extensions of two wings by a male expressing TNT (right, 20 epochs). Although one of the wings (''larger-angle side'') was raised more than the other (''smaller-angle side'') in both types of flies, the angles of the ''smaller-angle side'' were much larger in the simultaneous-extension events than in the unilateral wing extensions. The genotypes of flies used were w; UAS-IMP-TNT/+; Gr32a-Gal4/+ (left) and w; UAS-TNT/+; Gr32a-Gal4/+ (right).
same sensory neurons that are responsive to bitter-tasting substances [12, 13] . Indeed, we detected the expression of Gr66a in all Gr32a-expressing cells in the foreleg tarsus together with cells that express Gr66a but not Gr32a ( Figures  S2A-S2C ). The inactivation of Gr66a-expressing neurons via TNT expression clearly increased the incidence of simultaneous extension of two wings during male courtship (Figure S2D ). These results indicate that the tarsal sensory cells coexpressing Gr32a and Gr66a play a role in the control of male courtship posture. Provided that Gr66a is expressed, these neurons appear to retain residual functions, even without Gr32a.
Cuticular hydrocarbons are known to function as major contact pheromones in Drosophila [14] . Gustatory receptors embedded in hydrophilic lymph are less accessible for lipophilic compounds such as cuticular hydrocarbons. A group of odorant-binding proteins (OBPs) have been implicated as carriers of pheromones [15] , or even as ligands for receptors, when activated by bound pheromones that induce conformational changes in OBPs [16] . OBPs are secreted from support cells attaching to receptor cells [15] . OBP57d and OBP57e [17] were expressed in the same support cells ( Figures 3E-3G ) surrounding Gr32a-expressing neurons in the tarsi ( Figures  3H-3J ). No Gr32a-expressing neurons in the labellum were surrounded by OBP57d-and/or OBP57e-expressing cells (data not shown). The rate of simultaneous extension of two wings was much higher in Obp57d knockout mutant males than in control males, whereas Obp57e knockout mutant males had a rate similar to the control rate ( Figure 3K ). The unilateral wing extension was restored in the Obp57d and Obp57e double knockout mutant males by the transgenic expression of Obp57d + ( Figure 3L ). The transgenic expression of Obp57e + was much less effective in rescuing the simultaneous wing extension phenotype of double knockout mutants ( Figure 3L ). Thus, OBP57d appears to support the activation of the Gr32a-expressing neurons in response to a putative gustatory pheromone.
Central Projection of Gr32a-Expressing Neurons
Gr32a-expressing gustatory cells in the legs extend their axons into the thoracic ganglion without forming any arborization there and further extend ascending fibers only to the ipsilateral subesophageal ganglion [5] ( Figure 4A ). This pattern of central projection is distinctly different from the projection of Gr68a-expressing neurons, which display rich branching in thoracic neuropilar regions in each segment and are accompanied by ascending fibers that terminate in the mechanosensory neuropils of the brain ( Figures S2E-S2I ).
The endings of Gr32a-expressing neurons in the subesophageal ganglion accumulate synaptotagmin-HA ( Figures  4B-4G ), indicating that they form functional synapses there.
The major part of male courtship behavior is known to be generated by neural circuitry that is primarily composed of fruitless (fru)-expressing neurons [18] . In courting males, the fru mutations significantly increased the incidence of simultaneous extension of two wings ( Figure S4A ), in keeping with the classic observation made by Hall [19] . In the subesophageal ganglion, a subset of fru-expressing neurons known as mAL expands sexually dimorphic dendrites [18, 20] . Double staining of Gr32a-expressing neurons and an mAL mosaic analysis with a repressible cell marker (MARCM) patch in male flies revealed that the contralateral arbors of mAL enwrap the axon terminals of Gr32a-expressing neurons, whereas the ipsilateral neurites of mAL run parallel to the distal portion of Gr32a axons without any discernible contacts between the two groups of neurons (Figures 4H-4K ; Movie S4). Because the arborization field of mAL in females extends more ventrally than the male counterpart, mAL has no contact with Gr32a-expressing neurons (Figures 4L-4O; Movie S5). As a result of the sexual transformation in the structures of mAL neurons, the close apposition of the axon terminal of Gr32a-expressing neurons and mAL dendrites is no longer observed in fru mutant males ( Figures  S3A-S3F) . The close positioning of Gr32a-expressing sensory neurons and fru-expressing interneurons was overlooked in (E) The number of pulses composing a single song epoch (left) and the number of cycles contained in a single pulse (right) are compared between the song generated by unilateral wing extension (UWE; n = 99) and that generated by simultaneous extension of two wings (SWE; n = 86). Each bar represents the mean value. Error bars indicate standard deviations. The statistical differences between the data sets were evaluated by the u test (***p < 0.001). Songs and actions were monitored simultaneously in five flies by a microphone and charge-coupled device camera set on the mating chamber. The video images shown in (C) and (D) correspond to the epochs of the songs illustrated in (A) and (B), respectively. The corresponding movies with sounds are presented in Movies S2 and S3. Wing-extension events were classified into either unilateral extension or simultaneous extension of two wings according to the criteria described in the Experimental Procedures. The data shown were obtained from TNT-expressing males under dim red light conditions. Their genotype was w; UAS-TNT/+; Gr32a-Gal4/+. a previous study [5] that labeled only nuclei of the latter in spite of the fact that insect neurons typically lack synapses on the somata.
The increase in the occurrence of simultaneous extension of two wings during courtship in fru males ( Figure S4A ) [19] may be ascribable to the inability of mutant mAL neurons to receive sensory inputs from the Gr32a-expressing neurons as a consequence of this change in the neurite structure.
Contribution of mAL Interneurons to Unilateral Wing Extension
We evaluated the effect of inactivation of each fru-expressing neural cluster, including mAL, on the incidence of simultaneous wing extension by comparing two fly groups, a cluster-inactivated group and a cluster-intact group. If the fly group with, for example, inactivated cluster A showed significantly more simultaneous wing extension events than the (D) The number of wing extension epochs (left) and the simultaneous wing extension index (SWEI, right) was compared between control (Oregon-R, OR) and Gr32a KO mutant males. OR was used as the control because Gr32a KO had the same genetic background [5] . The numbers of flies examined were 14 (OR) and 24 (Gr32a KO ). Statistical differences among the data sets were evaluated by the u test (***p < 0.001). (E-G) The localization of cells that express OBP57d (E) or OBP57e (F) in the foreleg tarsi was revealed by DsRed fluorescence (magenta, E) or anti-GFP staining (green, F) in the fly carrying Obp57d-Gal4, UAS-DsRed, and Obp57e-GFP. The fly genotype was UAS-DsRed; UAS-DsRed/+; Obp57d-Gal4/Obp57e-GFP. The image in (G) represents a merged image of (E) and (F). Scale bars represent 100 mm. (H-J) The localization of Gr32a-expressing neurons and OBP57d-expressing cells in the foreleg tarsus. The fly genotype was UAS-DsRed; UAS-DsRed/+; Obp57d-Gal4/Gr32a-I-GFP. The Gr32a-expressing neurons were stained by anti-GFP (green, H). OBP57e-expressing cells were visualized by DsRed fluorescence (magenta, I). The merged image (J) revealed that the Gr32a-expressing neurons were surrounded by the OBP57d-expressing cells. Scale bars represent 100 mm. (K) The effects of knocking out either or both Obp57d and Obp57e on SWEI were examined. The occurrence of simultaneous extension of two wings was significantly increased by knocking out Obp57d alone or together with Obp57e (Obp57d+e KO ) but was not increased by knocking out Obp57e alone. The knockout mutants shared their genetic background with w 1118 , which was thus used as a control in this series of experiments. KO lines that carry only one of Obp57d-Gal4, UAS-Obp57d, and UAS-Obp57e showed high levels of bilateral wing extension (cf. K). The number of Obp57d+e KO flies examined for rescue was 25 for Obp57d-Gal4/UAS-Obp57d, 22 for Obp57d-Gal4/UAS-Obp57e, 14 for Obp57d-Gal4, 17 for UAS-Obp57d, and 15 for UAS-Obp57e. Following Kruskal-Wallis ANOVA, statistical differences among the data sets were evaluated by the Bonferroni/Dunn test (***p < 0.001).
group with intact cluster A, we could conclude that cluster A had a significant impact on the pattern of wing extension. To inactivate each cluster, we produced MARCM clones of fruexpressing neurons that also express shi K44A , a shi dominant-negative form [6] . Forced expression of shi K44A in all fru-expressing neurons suppressed male courtship ( Figure S4B ). We determined whether or not individual male flies exhibited simultaneous extension of two wings, then sacrificed them to examine which cells were clones expressing shi K44A . We examined the brains of 50 flies with MARCM clones. To make this comparison statistically varied, we excluded from our analysis the clusters that happened to be inactivated (or intact) only in a small number of brains; in practice, we carried out the comparisons of simultaneous wing extension indices (SWEIs) between the cluster-inactivated group and the cluster-intact group only when we could collect more than 7 brain samples for each group. Among the 40 fruexpressing clusters identified in the brain [18] , the 25 clusters shown in Figure 5A satisfied this criterion. Because each single fly carried more than one inactivated cluster in the brain, the data obtained with that fly contributed to the SWEI scores of all such cell clusters. By this analysis, it turned out that mAL FRT G13 tub-Gal80/FRT G13 UAS-mCD8::GFP; fru NP21 /Gr32a-I-GFP. fru NP21 expresses Gal4 and drives mCD8::GFP expression in fruitless (fru)-positive neurons that were visualized with anti-mCD8 (magenta, H and L) and anti-GFP (green, I and M). Gr32a-I-GFP expresses GFP, which was detected with anti-GFP (green, I and M). (J) and (N) represent merged images of (H) and (I) and of (L) and (M), respectively, shown as three-dimensional reconstruction images rotated every 30
. Because the fru-expressing neurons were labeled by both the anti-mCD8 and anti-GFP antibodies, they appear white, whereas Gr32a-expressing neurons appear green because they were positive only for GFP and not for mCD8 in (J) and (N). The brains were counterstained with the nc82 monoclonal antibody (gray) that highlights neuropils. Scale bars represent 50 mm. Shown in (H)-(J) and (L)-(N) are anterior views of the brain. Schematic drawings of the spatial relationship of mAL and Gr32a-expressing neurons are shown in (K) and (O). Yellow arrowheads indicate the location of cell bodies of mAL neurons. In the male brain, contralateral arbors of mAL neurons (magenta arrow in H) surround the axon terminals of Gr32a-expressing neurons (green arrows in I), whereas ipsilateral arbors of mAL run parallel to the terminal portion of Gr32a-expressing neurons without contacting them. The arbors of mAL neurons in females lie more ventrally than the male counterparts, and no obvious contacts with the axon terminals of Gr32a-expressing neurons are observed (magenta and green arrows in L and M). The ventral-dorsal (anterior-posterior) orientation (V-D) of the brain is indicated beside the diagram. The topology of two types of neurons in the brain is depicted as a three-dimensional reconstitution in Movies S4 and S5. was the sole cluster within which the presence or absence of shi K44A expression was associated with a significant difference in the incidence of simultaneous extension of two wings ( Figure 5A ). We chose the experimental condition under which somatic recombination takes place predominantly in neuroblasts, leading to the labeling of the full complement of single clones, such as mAL. All analyzed clones were those formed unilaterally in the brain. This result found via the MARCM method ( Figure 5A ) was taken as functional evidence that mAL is a central element contributing to the regulation of unilateral wing extension during male courtship.
Some of the mAL neurons are GABAergic (Figures 5B-5G ; Figures S4C-S4K ), suggesting that they have inhibitory functions. Localization of synaptotagmin-HA indicates that the proximal part of male-specific mAL ''dendrites'' in the subesophageal ganglion contains presynaptic terminals that neighbor with putative postsynaptic sites that may receive inputs from Gr32a-expressing neurons (Figures S3G-S3V ).
Discussion Adaptive Significance of Gustatory Regulation of Courtship Posture
In this paper, we demonstrated that the inactivations of Gr32a-expressing sensory neurons and of fru-expressing mAL interneurons both result in an increase in the incidence of simultaneous extension of two wings. We further showed that the axon terminals of Gr32a-expressing tarsal sensory neurons and the mAL arbors are closely apposed to each other. These observations strongly support the hypothesis that Gr32a-expressing sensory neurons and fru-expressing mAL interneurons form a functional circuitry for regulating male courtship posture.
Our results demonstrated that gustatory inputs are necessary to shape the male courtship posture into a speciesspecific pattern. Although D. melanogaster males normally use only one of two wings at a time to generate love songs, this behavioral pattern is distorted by the simultaneous extension of the other wing when the Gr32a-expressing neurons are blocked by TNT or shi K44A , removed surgically, or prevented from functioning by the loss of either OBP57d from the support cells or Gr32a from the receptor cells. An amputation experiment revealed that the tarsal population of Gr32a-expressing neurons and associated support cells that secrete OBP57d are responsible for this effect.
Even though the changes in the male courtship posture resulting from these manipulations appeared subtle, they produced discernible changes in the love songs that the males generated and significantly reduced mating success (Figure 1;  Figure 2) . Therefore, the functional acuity of the neuronal (A) The incidence of simultaneous wing extension was compared between two group of flies, one with shi K44A expression and another without shi K44A expression, in a particular cell cluster (abscissa). Fifty male flies with MARCM clones were subjected to behavioral assays, and then all flies were sacrificed for examination of their brains, which were subjected to immunohistochemistry for GFP expression. GFP labeling indicates that the cell expresses shi K44A , which blocks synaptic transmission from the expressing cell. The flies were classified into two groups: one in which the indicated cell cluster (abscissa) was inactivated and the other in which it was intact. The abbreviations for the cluster names are described in [18] . The mean and standard deviation are shown for the SWEI (ordinate). Because the comparisons were to be made between two groups of flies, one with an inactivated neuronal cluster and the other with an intact neuronal cluster for 25 different clusters, we carried out one-way ANOVA for 25 3 2 factors. Thereafter, the statistical differences between the data sets were evaluated by (H) A model of the neural circuitry that controls the laterality of wing extension. The difference in the intensity of pheromonal stimuli received by the left and right Gr32a-expressing neurons would be small (''weakly lateralized inputs from Gr32a-expressing neurons''). The Gr32a-expressing neurons excite only contralateral mAL neurons, which in turn inhibit ipsilateral mAL neurons (''GABAergic lateral inhibition''), thereby intensifying the left-right difference in the outputs from mAL neurons (''highly lateralized outputs from mAL neurons''). This lateral difference in the intensity of mAL outputs may ensure alternating unilateral wing extension in courting males. The superposition of arbors of the left and right mAL neurons suggests mutual connections between them ( Figures  S4L-S4O ).
circuitry involving Gr32a-expressing sensory neurons and fruexpressing mAL interneurons for the control of male courtship posture may have a great impact on the reproductive success of male flies.
Roles of Bitter Taste Cells in Male Courtship
The chemical identity of the pheromone that activates Gr32a for the wing posture control remains unknown. The requirement of OBP57d for the normal wing extension (Figure 3) suggests that the pheromone in question is probably a hydrophobic compound. The involvement of Gr66a and Gr32a coexpressing cells in the reception of this pheromone is consistent with this hypothesis, because such receptor neurons, at least those in the labellum, respond to structurally diverse hydrophobic compounds that produce a bitter taste, such as quinine, caffeine, denatonium benzoate, and berberine [13, 21] . Intriguingly, Gr66a-expressing labellar sensory cells are highly sensitive to 7-tricosene (7T), a male-predominant cuticular hydrocarbon that functions to inhibit male courtship [14, 21] . In fact, Gr32a-expressing neurons have also been reported to function in suppressing male-to-male courtship [5] . Male flies elicit courtship from other males when their content of courtship inhibitor 7T is decreased, because they also bear a courtship stimulator, 7-pentacosene (7P) [21] . Although 7T is the predominant hydrocarbon constituent of the male cuticle, the female cuticle also contains a significant amount of 7T [21] . It is envisaged that a low level of 7T functions to regulate wing extension, whereas a high level inhibits male courtship behavior, although there is no evidence for or against Gr32a involvement in transducing 7T [21] .
Central Pathways for Male Courtship
Although we showed that Gr32a-expressing neurons in the tarsus play a crucial role in the regulation of unilateral wing extension during male courtship, the underlying neural mechanism remains to be elucidated. However, our results strongly suggest that fru-expressing mAL interneurons contribute to the processing of the pheromonal information conveyed by the Gr32a-expressing sensory neurons. When the courting male touches the female abdomen with one leg at a time, his touch produces unilateral sensory input to the foreleg Gr32a-expressing neurons. These activities in Gr32a-expressing neurons may activate the contralateral mAL neurons (see Figures 4H-4K ), which in turn suppress the vibration of one wing, leading to unilateral wing vibration.
An intriguing possibility is that the left and right mAL neurons form mutual connections through these branches to achieve lateral inhibition ( Figure 5H; Figures S4L-S4O ), which could exaggerate the left-right asymmetry in the strength of synaptic output from mAL neurons in the lateral protocerebrum. In the silk moth Bombyx mori, similar mutual inhibitory interactions between the two sides are likely involved in the reciprocal modulation of the activity level of laterally paired descending interneurons upon a transient exposure of the left or right antenna to the pheromone [22] .
Conclusions
Although Gr32a-expressing neurons show no obvious sexual dimorphism, they exert a sex-specific function during mating behavior, presumably because their postsynaptic targets are sexually dimorphic and the same gustatory input is processed differentially by the sex-specific circuitry in the central nervous system. Thus, for a thorough understanding of the mechanism of sensory-guided tuning of innate behavior, there is an urgent need for analysis of central pathways that integrate sensory inputs through the Gr32a-expressing neurons by using, for example, a transsynaptic reporter.
Experimental Procedures
Fly Strains and Induction of Neuronal Clones Flies were reared on cornmeal-yeast medium at 25 C under a 12:12 light: dark cycle. Gr32a-Gal4 and Gr32a-I-GFP were a gift from K. Scott. UAS-TNT and UAS-IMP-TNT were obtained from K. O'Kane. Gr68a-Gal4 and Gr32a KO were provided by H. Amrein. shi K44A was described in [6] . The Obp57d and/or Obp57e knockout mutant lines have been described elsewhere [17] . The promoter-Gal4, UAS-Obp57d, and UAS-Obp57e transgenic lines were established as described previously [23] . Other fly stocks were obtained from the Bloomington Drosophila Stock Center and the Kyoto Stock Center. Somatic clones were produced via the MARCM method as described previously [18] . The genotypes of flies used for MARCM were y hs-flp; FRT G13 tub-Gal80/FRT G13 UAS-mCD8::GFP; fru NP21 /Gr32a-I-GFP in the analysis of neural connectivity and y hs-flp;FRT G13 tubGal80/FRT G13 UAS-mCD8::GFP; fru NP21 /UAS-shi K44A in the experiment to locally inactivate neural activities. Embryos were collected within 24 hr of egg laying and were heat shocked at 37 C for 60 min.
Analysis of Courtship Behavior
The flies to be tested were reared individually in vials and aged for 4-7 days after eclosion. For courtship assays, a fly of each genotype was placed in a small chamber with a Canton-S virgin female at 4-6 days after eclosion, and their behavior was videorecorded for 30 min. The mating performance of male flies was examined by pairing with a wild-type female under dim red light conditions to minimize the contribution of visual cues to the behavioral performance. Each male fly was transferred to a circular mating chamber (0.8 cm diameter 3 0.3 cm height or 1.6 cm diameter 3 0.3 cm height) with a wild-type virgin female. Mating success was estimated as the percentage of pairs that copulated within the 30 min observation period. The courtship index (CI) was defined as the proportion of time the male spent performing the courtship ritual during the initial 5 min. Each epoch of wing extension toward a female displayed by a male was classified as either unilateral or bilateral (simultaneous). We considered extension to be bilateral (simultaneous) rather than unilateral when, with one wing extended more than 30 , the anterior edge of the other wing was extended more than 15 relative to the anteroposterior body axis. When the two wings extended over 50
were rapidly and repeatedly crossed, the activity was judged as scissoring and was excluded from the analysis. Actually, however, scissoring was rarely seen, and we were unable to evaluate the effect of the inactivation of Gr32a-expressing cells on this behavior. The frequency of occurrence of simultaneous extension of two wings was quantified by the simultaneous wing extension index (SWEI), which represents the percentile value of the number of ''bilateral'' epochs over the total number of wing extension epochs in a 5 min observation period. In amputation experiments, the tarsus of a leg was removed by tweezers immediately after eclosion, and these flies were reared singly in a vial until assayed for courtship behavior 2-4 days after the operation. Courtship songs were recorded with a small microphone (AT9903 electret condenser microphone, Audio-Technica) placed beneath the floor of the mating chamber where a male and female pair was introduced. The songs generated by males were amplified by MEZ7101 microelectrode amplifier (Nihon Kohden). All measurements were carried out by the experimenters who were blind to the genotypes or to the types of manipulations made on the flies.
Dissection and Immunohistochemistry
Adult labella, tarsi, and brains were dissected at varying days after eclosion. Fixation and immunohistochemical staining were carried out as described previously [18] with the following antibodies and dilutions: rabbit anti-GABA (1:400; Sigma), rabbit polyclonal anti-GFP (1:1000; Molecular Probes), mouse monoclonal nc82 (1:20) , rat monoclonal anti-mCD8 Stacks of optical sections at 1 or 2 mm were obtained with a Zeiss LSM 510 META confocal microscope and were processed with ImageJ software (version 1.40 g).
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